INTRODUCTION
The molecular characterization of naturally occurring mutations in the fibrillar collagen genes has provided much information on the biochemistry of collagen structure and biosynthesis. The critical importance of the triple-helical domain for tissue integrity and function has been demonstrated in inherited connective tissue diseases such as osteogenesis imperfecta [1] , Ehlers'-Danlos syndrome [2] and the chondrodysplasias [3] [4] [5] , where disruption of the strict repetitive helical sequence motif by glycine substitutions or larger gene mutations leads to gross connective tissue abnormalities. The bias inherent in these studies, i.e. that the mutation has resulted in a clinically significant phenotype, has meant that much less is known about the effect of more subtle helix sequence alterations or propeptide mutations. A better understanding of the role of these other collagen sequence domains in molecular assembly, secretion, propeptide processing, fibrillogenesis and modulation of macromolecular interactions is essential if we are to fully appreciate the complex biochemistry of extracellular matrix formation and regulation in normal development as well as in disease processes.
The development of cell culture and transgenic mouse models of collagen diseases [6] [7] [8] [9] has made it possible to approach these questions by introducing specifically engineered alterations into the putative functional domains and then assessing the biochemical consequences. Crucial to the measurement of the biosynthetic parameters, and thus to an understanding of how these processes and interactions are disturbed by mutations, is the ability to experimentally discriminate between normal and mutant chains at all stages of collagen biosynthesis and matrix formation.
The mutations themselves cannot be utilized as markers unless they alter a readily assessable characteristic, such as the The thermal stability of wild-type molecules and molecules containing the reporter [Ile822]al(I) chains was identical. The biosynthetic characteristics of wild-type and reporter chains were directly compared in stably transfected 3T6 cells. These cells did not make a distinction between reporter and endogenous al(I) chains, which were secreted from the cells at the same rate and were processed and deposited into the 3T6 cell in vitro accumulated extracellular matrix with equal efficiency. These data demonstrate that the helical sequence alteration in the reporter protein is functionally neutral and that the reporter construct, pWTCI-Ile822, is a suitable vector for the analysis of the biochemical effects of site-directed mutations in the putative COLlAl functional domains. electrophoretic migration, of the structural helical domain of the molecule. This problem is most graphically demonstrated in the case of C-or N-propeptide mutations where, once the propeptides have been cleaved during the normal processes leading to matrix deposition, a-chains which once carried an altered propeptide domain will be indistinguishable from wildtype chains.
In order to overcome these experimental limitations and provide a versatile model system for the study of type I collagen mutations, a collagen protein reporter construct was produced by site-directed mutagenesis of the mouse al(I) gene. The criteria for production of this marker were that the alteration must be silent at the protein level and readily detected experimentally. Amino The reporter construct was prepared using derivatives of the mouse COLIAJ genomic clone lOD [10] . Figure 1 summarizes the mutagenesis protocol. DNA between a ThaI site and the ApaI site was replaced with synthetic oligonucleotides whose sequence differed from the wild-type by a single G to C base change (Figure la) 
Extraction of collagen from the extracellular matrix
Cell layers from the long-term culture experiments were scraped into 2 x 5 ml of 50 mM Tris/HCl, pH 7.5, containing 0.15 M NaCl and proteinase inhibitors. The cell fractions were disrupted by sonication and extracted overnight at 4°C [16] . Insoluble material was removed by centrifugation and the procollagen and collagen in the supernatant (neutral-salt-soluble fraction) was precipitated with ammonium sulphate (250% saturation) and redissolved in 2 ml of 50 mM Tris/HCl, pH 7.5, 0.15 M NaCl and proteinase inhibitors. Insoluble collagen in the pellet was extracted by digestion with pepsin. Digestion was terminated by lyophilization.
CNBr peptide mapping
Freeze-dried samples of pepsin-digested collagen were resuspended in 100 mM ammonium bicarbonate and incubated at room temperature for 30 min to inactivate the pepsin. CNBr cleavage was performed in 70% (v/v) formic acid containing 50 mg/ml CNBr for 4 h at room temperature, as described by Scott and Veis [17] . After cleavage the samples were diluted with water and freeze-dried.
Thermal stability of collagen
The temperature at which the collagen helix was thermally denatured and thus became susceptible to proteolysis was determined by the method of Bruckner and Prockop [18] .
[3H]Proline-labelled collagen samples dissolved in 0.1 M Tris/HCl, pH 7.4, containing 0.4 M NaCl were heated stepwise (1°C/10 min) from 34°C to 43 'C. At 1 'C intervals, samples were digested with a mixture of trypsin and chymotrypsin [18] and analysed by SDS/PAGE.
SDS/PAGE analysis
Collagen chains were resolved on 5% (w/v) polyacrylamide separating gels with a 3.5 % (w/v) stacking gel. Collagen CNBr peptides were analysed either on 10 % (w/v) polyacrylamide gels or by two-dimensional PAGE [19] , which separates the peptides on the basis of both charge and size. Sample preparation, electrophoresis conditions, Coomassie Brilliant Blue staining and fluorography of radioactive gels have been described elsewhere [14, 15] . Coomassie Blue-stained bands were quantified by densitometry in comparison with standard collagen samples loaded on each gel. The radioactivity in the collagen bands was quantified by excision and scintillation counting [20] . were introduced by a three-step ligation process into a 5. transfected with the reporter construct completely lacked the CB6 and CB7 peptides present in control collagen (Figure 4b) . Instead,,a much larger peptide, corresponding to the uncleaved CB7/6, was a major component. The identity of this band was confirmed by two-dimensional gel electrophoresis, where the peptides were separated by charge in the first dimension and molecular mass in the second ( Figure 5 ). These data clearly showed the replacement of the normal CB7 and CB6 with a larger peptide whose charge and molecular mass were consistent with it being the composite CB7/6 (Figure 5b ). The absence of an additional peptide, the partial cleavage product CB3/7, was also consistent with the Met-Ile882 alteration ( Figure 5b ). As observed previously [15, 19] 48 % of total aI1(I). There was no indication of slowly migrating CNBr peptides due to excess post-translational hydroxylation and glycosylation of lysine residues, which might be expected if the Met-Ile substitution interfered with the normal folding of the triple helix [23] (Figure 7 ).
RESULTS

Mutagenesis
[lle822]l1(l) chains are secreted at the same rate as endogenous o1(l) chains [24] . To compare the patterns of deposition and maturation in the matrix of endogenous and the reporter Ile822-substituted chains, 3T6-Ile822-21 cells were grown for up to 22 days post-confluency. The total matrix deposited by the cells and the proportion sequentially extracted by neutral salt and then pepsin digestion is shown in Figure 9 (a). The extracellular matrix accumulated until day 8, with an increasing proportion of the collagen being found in the mature, cross-linked, pepsin-extracted fraction. While the cells continued to synthesize collagen and efficiently incorporate the newly synthesized molecules into the matrix (results not shown), between day 8 and day 22 approx. 50% of the accumulated collagen was degraded (Figure 9a ). from day 3 to day 22 is shown in Figure 9 (b). There was insufficient collagen present at day 0 for accurate quantification. Throughout the experiment Ile822-substituted chains represented approx. 30-40 % of the total a l(I) chains in both the neutral-salt fraction and the more mature, more extensively cross-linked, pepsin-extracted matrix. The constant proportion of Ile822-substituted chains during the period of matrix degradation also indicated that the chains were not selectively degraded. The rates at which endogenous and Ile822-substituted chains were incorporated into the matrix were compared by analysing the newly synthesized [3H]proline-labelled collagen. As the collagenous matrix accumulated during culture, an increasing proportion of the newly synthesized collagen was associated with the cell layer (results not shown). Throughout the culture period the reporter [Ile822]al(I) chains contributed equally to the total collagen pool secreted into the medium and to the collagen fractions extracted with neutral salt buffer or pepsin (Figure 10 ). These data clearly demonstrated that procollagen processing and deposition into the matrix occurred with equal efficiency for the endogenous type I collagen and for collagen containing the reporter protein.
There was, however, a steady decline in the synthesis of Ile822-substituted chains relative to endogenous al(I) chains during prolonged culture of the transfected cells. [25] [26] [27] [28] . It is a chemically conservative change, maintaining charge and a similar hydrophobicity, and the sequence motif Gly-Pro-Ile-Gly-Pro generated by the change is also found in two other places in the published mouse a l(I) chain sequence [28] [29] [30] .
The [14, 15, 31] .
Unassembled and misfolded proteins are selectively retained intracellularly in the endoplasmic reticulum [32] [6, 7, 9, 34] . The Met-Ile822 reporter protein construct eliminates this need for the mutation itself to be detectable and allows normal and mutant proteins to be readily discriminated and quantified. This will facilitate detailed studies of poorly understood intracellular biosynthetic events such as the regulation of chain selection and subunit assembly and the targeting of abnormal proteins for degradation. The ability to express protein-engineered mutant collagen in the 3T6 cell culture system and monitor extracellular matrix formation and composition greatly extends the biosynthetic information that can be obtained from in vitro experiments, allowing questions about the regulation of propeptide processing and fibrillogenesis and the roles of other matrix molecules in these events to be addressed. It will be possible to biochemically screen mutations in this system before selecting suitable examples for phenotypic expression in transgenic mice.
The reporter construct will also be valuable for assessing the effects of mutations in collagen regulatory regions and in the transcription factors which interact with them. The deleted NcoI site will allow reporter and wild-type mRNA transcripts to be quantified by methods which combine PCR amplification and differential restriction enzyme digestion [35] . Experimental approaches to collagen gene regulation have most commonly involved measurement of the responses of regulatory elements attached to reporting genes such as chloramphenicol acetyltransferase [36] [37] [38] , human growth hormone [37] or minigene constructs [7] . These suffer from the potential problem that the regulatory elements are not necessarily within an appropriate sequence context that will allow natural interactions of the secretion is thus a sensitive measure of the fidelity of protein folding and oligomerization. Collagen secretion is reduced by regulatory regions with other, possibly distant, gene domains [39] . The Met-+Ile 822 reporter construct largely overcomes these
